In this paper, we proposed a novel Fabry-Perot cavity antenna with high-gain radiation over two wide bands based on a partially reflective metasurface. To satisfy the resonance condition of the dual-wideband Fabry-Perot cavity, we constructed the unit cell of the partial reflection metasurface by loading magnetic coupling enhancement layers and etching the bottom patches. The partial reflection metasurface composed of the above unit cells can generate reflection phases of positive gradient with almost the same slope over two wide bands, where the partial reflection amplitude is close to 1. Subsequently, a normal dual-band microstrip antenna has also been designed for excitation. Finally, the Fabry-Perot cavity antenna consists of the proposed partial reflection metasurface and the dual-band antenna has been simulated, fabricated, and measured in a microwave anechoic chamber. Both simulation and experimental results demonstrate that the designed Fabry-Perot cavity antenna achieves 3-dB gain bandwidths of 20.7% and 10.1% with peak gains of 12.07dBi and 13.5dBi over two wide bands of 5.7-6.9GHz and 11.7-12.95GHz, respectively.
I. INTRODUCTION
High gain radiation from a finite aperture is a long-standing technical discussion in the field of electromagnetism [1] - [4] . Fabry-Perot cavity antenna (FPCA) is a simple and efficient choice for achieving high gain radiation [5] , which is widely applied in the frontier fields including long-range wireless communications [6] , [7] , high directional data transmission [8] , efficient energy transfer [9] and fifth-generation (5G) wireless communication [10] . Normally, a conventional FPCA consists of a partially reflective surface (PRS), a metal ground on the bottom layer, and an antenna as a source in the cavity. The radiation is reflected back and forth between the PRS and the metal ground of the cavity. When a part of the radiation wave reaches the outside of the cavity, it generates an in-phase superposition that effectively increases the antenna directivity along the boresight significantly.
The associate editor coordinating the review of this manuscript and approving it for publication was Lin Peng . Therefore, the ideal operating conditions for a high-gain FPCA can be summarized as [4] φ H + φ L = 4πf c h + 2N π, N = 1, 2, 3, . . .
where f is the operating frequency and h is the cavity height. φ H and φ L represent the reflection phases of the PRS and the ground plane of the cavity, respectively. According to (1) , when the reflection phase φ L and the height h are fixed, the PRS reflection phase φ H of an ideal high-gain FPCA needs to increase with the operating frequency f . For most conventional FPCAs, since the phase curve of φ H has a negative slope, high gain radiation is limited to a narrow band. Therefore, the reflection phase of the PRS having a positive gradient is significant for breaking the operating bandwidth limit of a high-gain FPCA. As analyzed above, broadband operating has always been the focus of FPCA researches [14] - [16] . In [14] , T. S. Bird's group originally proposed a PRS composed of dipole-strip unit cells. The novel PRS they proposed can achieve the positive gradient reflection phase, which can effectively extend the gain bandwidth of the FPCA. Based on the above method, an FPCA with a multi-layer PRS is proposed for broadband operating [15] . The multi-layer PRS forms three cavities in the FPCA, which generates the positive gradient reflection phase and increases the 3-dB gain bandwidth to 15%. In [16] , Y. J. Guo's group designed a four-layer PRS for both dual polarization and high-gain radiation over a wide band. In addition to wideband operation, the multi-band characteristics of FPCA are also limited by (1) . An ideal multi-band FPCA requires the reflection phase of the PRS to satisfy (1) at multiple frequencies. In [17] , a partially reflective metasurface (PRMS) composed of anisotropic MS (Metasurface) unit cells was proposed to realize a dual-band FPCA. The designed FPCA achieves the high-gain radiation at 8.75 GHz and 9.8 GHz for TE and TM polarizations, respectively. However, the radiation patterns have different shapes and different polarizations over the two frequency bands, and the 3dB gain bandwidths are only 2.5% and 6.1%, respectively. In [18] , S. Gao's group developed a dual-layer FSS for a triband highgain FPCA. The dual-layer FSS generates three FP (Fabry-Perot) cavities at different resonant frequencies. Similarly, the multi-frequency design of a dual-layer FSS still has only a narrow operating band around each frequency point. For practical applications, multi-band FPCA with wideband high-gain radiation has more research prospects. According to (1) , an ideal multi-wideband FPCA requires the positive gradient reflection phase φ H over each operating band and maintains their slope the same. In [19] , M. L. Abdelghani's group developed a dual-band WLAN antenna with a duallayer PRS. The dual-layer PRS with an air interlayer forms two resonant cavities, which broaden the 3-dB gain bandwidth of the higher band to 11%. However, the 3-dB gain bandwidth of the lower band is only 7% around the 2.5GHz. In recent works, multiple cavities (multilayer PRS with air barriers) seems to be a necessary technical means for multiband FPCA. However, this design significantly increased the profile height and fabricating difficulty, which masks the conventional engineering application advantages of FPCA.
Inspired by previous excellent works, we innovatively proposed a dual-wideband high-gain FPCA based on a novel PRMS. The designed PRMS consists of isotropic MS unit cells, which are optimized by loading magnetic coupling enhancement layers and specific etching. The PRMS unit cell exhibits the positive gradient reflection phases with quasiidentical slope over two wide bands of 5.5-6.5 GHz and 11.5-12.5 GHz, where partial reflection amplitude remains above 0.7. Under the excitation of a dual-band microstrip antenna, the designed FPCA widens the 3dB gain bandwidths to 20.7% and 10.1% with peak gains of 12.07dBi and 13.5dBi over two wide bands of 5.7-6.9GHz and 11.7-12.95GHz, respectively. The main innovations of this paper include:
i. Proposing a PRMS unit cell that implements a reflection phase φ H of positive gradient and quasi-identical slope over two wide bands.
ii. Satisfying FP resonance condition over two wide bands with a single FP cavity.
iii. Designing, processing, and measuring a novel FPCA that achieves high-gain radiation over two wide bands.
II. PRMS DESIGN STRATEGY FOR DUAL-WIDEBAND FPCA
A. OPERTION PRINCIPLE As mentioned above, a PRMS without the air interlayer is designed for high-gain radiation over two wide bands. In other words, we employ only one cavity to satisfy the required reflection phase conditions in (1) over two wide bands. According to (1), the slope k d of the reflection phase curve φ H − f of an ideal FPCA can be expressed as follows:
For the structure of a conventional FPCA, the bottom reflection phase φ L and the cavity height h are fixed. Therefore, the PRMS of a dual-wideband FPCA not only has a positive gradient reflection phase φ H over two wide bands, but also the slopes k 1 and k 2 of its reflection phase curve φ H − f should satisfy the following conditions on these two wide bands:
In addition, the broadside directivity D of an ideal FPCA can be expressed as a function of the reflection coefficient | | of the PRS [14] :
Thus, in order to achieve a dual-band FPCA, the reflection coefficient | | of the desired PRMS should be as close as possible to 1 in both two wide bands. To satisfy the above (3) and (4), we design and optimize the PRMS unit cell according to the following steps: a) PRMS unit cell with positive gradient reflection phase over a wide band b) PRMS unit cell with positive gradient reflection phase over two wide bands c) PRMS unit cell with positive gradient reflection phase over two wide bands with almost the same slopes, which maintains the FP resonance condition on both wide bands.
B. DESIGN OF UNIT CELL WITH POSITIVE GRADIENT REFLECTION PHASE
Based on the above discussion, a unit cell with the positive gradient reflection phase over a wide band is proposed, which is called unit cell A in the subsequent description. Unit cell A consists of a top square patch, a bottom cross patch, and a middle substrate (ε r1 =2.2 and tan δ =0.0009) with a thickness of 1mm, as shown in Figs. 1(a), (b) and (c). This type of PRS unit cell has also been employed for a beamsteerable FPCA, which is derived from the wide adjustable range of the reflection phase of such unit cells [20] . By means of the commercial software CST, the reflection coefficient of unit cell A is simulated under the illumination of the x-polarized plane wave in the +z direction, as shown in Figs. 2(a) and (b). In Fig. 2(a) , as the length L increases from 7 to 7.8 mm, the positive gradient reflection phase of unit cell A has a higher frequency band position, a larger bandwidth, and a smaller slope. However, the reflection amplitude can be maintained at a high level regardless of the change of L. In Fig. 2(b) , as the width w increases from 1 to 5 mm, the bandwidth of the positive gradient reflection phase increases, and the slope becomes smaller. However, the reflection amplitude becomes lower as the width w reduces. In Figs. 2(a) and (b), the unit cell A obtains a positive gradient reflection phase whose position and bandwidth can be separately controlled by adjusting the length L and the width w. Furthermore, it can be observed that the reflection amplitude produces a depression in the band of the positive gradient reflection phase.
C. DESIGN of UNIT CELL WITH DUAL-BAND POSITIVE GRADIENT REFLECTION PHASE
In order to analyze the mechanism of the positive gradient reflection phase, a unit cell A with L = 7.6mm and w = 3mm is simulated for the electric field distribution at 10 GHz. In Figs. 3(a) and (b), when unit cell A generates a positive gradient reflection phase, there is a significant resonance around the square patch with the polarization of the incoming wave. Therefore, we slot the top square patch as unit cell B to obtain homogeneous resonances with different electrical lengths, which can produce positive gradient reflection phases over two different bands, as shown in Figs. 4(a), (b) and (c). A similar structure has also been applied to IoT devices with two narrow operating bands [22] Under the same conditions and excitation, a unit cell B with varying structural parameters is simulated for reflection phase and magnitude over two bands, as shown in Figs. 5(a), (b), and (c). Regardless of the change in parameters L 1 , L 2 , or w, the unit cell B generates a positive gradient reflection phase over two wide bands. In Fig. 5(a) , when L 1 varies from 7 to 7.8 mm, the positive gradient reflection phase of lower band moves towards the low-frequency region, but that of the higher band is not affected. In Fig. 5(b) , when L 2 varies from 6.4 to 7.6 mm, the positive gradient reflection phase of higher band also moves towards the low-frequency region, but that of the lower band is also not affected.
In Figs. 5(a) and (b), it is worth noting that the changes in L 1 and L 2 hardly affect the slope of the reflected phase curve on two bands. In Fig. 5(c) , as w varies from 1 to 4 mm, the slope and the width of the positive gradient reflection phase over two bands are affected together. However, the slopes of all reflected phase curves are different in both bands. Besides, the varying w also has an unbalanced effect on the two bands with the positive gradient reflection phase. When w is reduced, the increase of the slope of the phase curve is more obvious in the low band than in the high band.
In particular. When the width w decreases to 1 mm, the slopes k 1 and k 2 of the dual bands with positive gradient reflection phase are approximately the same. However, the unit cell B with the width w =1 mm cause a decrease in reflection magnitude, which suppresses the peak gain according to (4) .
D. DESIGN of PRMS UNIT CELL
In Figs. 6(a), (b), (c), and (d), the unit cell B with w = 2mm, L 1 = 7.8mm, L 2 = 6.8mm and t = 0.4mm is simulated for the electric field distribution at 5 GHz and 13 GHz. The electric field distribution indicates that the magnetic coupling between the bottom cross patch and two square gaps of the top patch causes the positive gradient reflection phase over two bands. Therefore, we can optimize the coupling of unit cells separately to balance the slope of the positive gradient reflection phase over the two wide bands.
In order to satisfy (3) and (4), we propose two technical means to adjust the dual-band coupling and balance the dualband slope. First of all, we differently etch two regions of the cross patch that were coupled to the top layer for a dual-wideband positive gradient reflection phase. Secondly, we press a square-ring unit cell on the unit cell B to increase the local magnetic coupling. The square-ring unit cell is composed of the top patch and a substrate with a thickness of d 1 and the permittivity of ε r2 = 2.65. The evolution process and structure of the PRMS unit cell are shown in Fig. 7 . Table 1 . (b) L 1 = 7 mm and L 2 = 6.2-6.6 mm, while other structural parameters are shown in Table 1 . Under the same boundary conditions and illumination, the PRMS unit cell with varying L 1 and L 2 is simulated for the reflection coefficient, as shown in Figs. 8(a) and (b). As the parameters changes, the PRMS unit cell produces positive gradient reflection phase over two wide bands, while the reflection amplitudes in both bands are kept above -3 dB. In Figs. 8(a) and (b) , it is noted that the slopes of the two wide bands with the positive gradient reflection phase are almost the same, which is in good agreement with (3) and (4).
Besides, the changes in L 1 and L 2 can independently affect the lower and higher bands without changing the slope.
To determine parameters of the PRMS unit cell and the cavity height h of the FPCA, two center frequencies of the dual-wideband high-gain radiation are fixed to 6 GHz and 12.4 GHz, as shown in Table 1 . In Fig. 9 , the simulated reflection phase of the PRMS unit cell in Table 1 is compared with the ideal reflection phase φ H of (1). The ideal reflection phase curve agrees well with the simulated curves of the PRMS unit cell over two bands of 5.9-6.4GHz and 12.3-12.7GHz. Therefore, the PRMS consisting of the above unit cells can achieve a dual-wideband high-gain FPCA. 
III. EXPERIMENTAL RESULTS

A. FEEDING ANTENNA AND FP CAVITY
To excite the dual-wideband FPCA, a normal dual-band microstrip antenna is designed as shown in Figs. 10(a) and (b). Two rectangular patches are separated by a substrate with the height of h 1 = 0.5 mm. The bottom patch is also spaced from the floor by another substrate with the height of h 2 = 0.5 mm, which is connected to the feeding coaxial line. The permittivities of two substrates are both ε r3 = 2.2. The dual-wideband FPCA is constructed by loading the PRMS of 9×9 unit cells above the dual-band microstrip antenna, as shown in Fig. 11 . It is worth noting that the distance between the microstrip antenna and the PRMS, that is, the height of the FP cavity h, is very sensitive to the radiation effect. The E-plane gains of the FPCA with different h is simulated. In Figs. 12(a) and (b) , the gains of the antenna with different h fluctuate over both wide bands. According to the simulated results, the designed FPCA has wider and flatter 3dB gain bandwidths in the two wide bands, when the cavity height is h = 22.8mm. Furthermore, according to the simulation results in Figs. 12(a) and (b), the FPCA can obtain peak gains of 12.5 dBi and 13.6 dBi and 3-dB gain bandwidths of 20.2% and 10.5% in two bands, respectively.
B. EXPERIMENTAL RESULTS AND ANALYSIS
To verify the simulation results, an FPCA prototype is fabricated for experimental measurements, as shown in Fig. 13 . The aperture size and the profile height of the FPCA prototype are 1.44 λ×1.44 λ (6 GHz) / 2.96 λ × 2.96 λ (12.4 GHz) and 0.456 λ (6 GHz)/ 0.975 λ (12.4 GHz). In a microwave anechoic chamber, the FPCA prototype is measured for the reflection coefficient and peak gains in E-plane and H-plane with a network analyzer. According to the calculated and measured S-parameters in Fig. 14(a) , the impedance bandwidths in the two bands are 16.6% and 17.8%, respectively. The measured E-plane and H-plane gains are shown in Figs. 14(b) and (c). The measured results have good agreements with the simulated data. It can be seen that the FPCA prototype produces flat high-gain radiation over two wide bands of 5.7-6.9 GHz and 11.7-12.95 GHz. In more detail, the fabricated FPCA obtains the 3-dB gain bandwidths of 20.7% and 10.1% with peak gains of 12.07 dBi and 13.5dBi, respectively. The E-plane and H-plane patterns of peak gains in two wide bands are measured, as shown in Figs. 15 (a) , (b), (c), and (d). There is a good agreement between the measured and simulated patterns on both the E-plane and H-plane. All the patterns are symmetric broadside radiation and have sidelobe levels lower than -10 dB. In Table 2 , the previous works on dual-band FPCA are compared with our dual-wideband FPCA in 3-dB bandwidths, peak gains and structural characteristics. In the last two columns of Table 2 , we introduce the aperture efficiency ε ap to compare the radiation efficiencies, which is defined as the ratio of the radiation gain to the aperture size.
IV. CONCLUSION
To conclude, this paper innovatively proposes, designs, fabricates, and measures a dual-wideband high-gain FPCA, which achieves 3-dB bandwidths of 20.7% and 10.1% over two wide bands of 5.7-6.9 GHz and 11.7 -12.95 GHz with a single cavity, respectively. From the FP resonance condition, the technical challenges to implement dual-wideband high-gain FPCA were analyzed. By the proposed isotropic unit cell, the PRMS can provide the positive gradient reflection phase with the same slope and maintain the reflection magnitude close to 1 over two wide bands. Subsequently, a two-layer microstrip antenna is also developed as the excitation source for the dual-wideband FPCA. Finally, the fabricated prototype is measured in the microwave anechoic chamber. The measured results are in good agreement with the simulation results. In addition, the previous five related works were compared with the FPCA in this paper to demonstrate the enhanced performance of our design. 
